Spontaneous emission lifetime distribution in the basic unit cell or on a plane of the excited emitters embedded in woodpile photonics crystals with low refractive index contrast are investigated. It is found that the spontaneous emission lifetime distribution strongly depends on the position and transition frequency of the emitters, and has the same symmetry as that of the unit cell. The lifetimes of emitters near the upper gap edge are longer than that in the center of the pseudo-gap, which is quite a contrast to the conventional concept. Furthermore, it is revealed that the polarization orientation of the emitters has significant influence on the lifetime distribution, and may result in a high anisotropy factor (defined as the difference between the maximum and minimum values of the lifetime) up to 4.2. These results may be supplied in probing the lifetime distribution or orientation-dependent local density of states in future experiments.
Since the pioneer work of Yablonovich [1] and John [2] , the control of spontaneous emission (SE) of emitters with three-dimensional (3D) photonic crystals (PCs) has been extensively investigated [3] [4] [5] [6] [7] due to its importance in both fundamental quantum optics research and developing quantum-optical devices, such as low-threshold lasers [8] , single-photons sources [9] , and light-emitting diodes [10] . One of the most important features of PCs is the photonic band gaps (PBGs). Within the PBGs, the local density of states (LDOS) of electromagnetic waves is suppressed. So the SE is inhibited, leading to a prolonged lifetime of an emitter embedded in the PCs. However, since the LDOS near the band edge is significantly large, a decrease in the lifetime of an emitter is anticipated.
It is well known that the SE has a strong environment-dependent characteristic, which is a basic topic on light-matter interaction in quantum optics. In theory, isotropic and anisotropic dispersion models were put forward to interpret the SE in PCs, respectively, and have already achieved success to different extent [5, 7] . But these two models introduced a simple dispersion relation of photons, which inevitably led to some inaccurate results. Wang et al [11, 12] and Li [13] proposed a full vectoral model to investigate the lifetime of SE within the framework of quantum electrodynamics, which gave a good explanation of the lifetime in experiments.
Recently, researches interests in a woodpile structure [14] have increased dramatically because of the ease in fabrication for woodpile structures [15] [16] [17] [18] [19] [20] . Ishizaki and Noda [21] showed experimentally that the photons can be manipulated at the surface of the woodpile structure. Their work represented an important step in realizing a new route for the manipulation of photons by 3D PCs, as well as establishing the surface science of 3D PCs. In the quantum-dot-infiltrated 3D polymer woodpile structure [18, 22] , Gu et al, for the first time, observed significant modifications in both the emission spectra and SE lifetime in the nearinfrared regions. Tang and Yoshie [23] placed woodpile structures on the top and bottom surfaces of a slab including L1 defects. In their work, enhancement of the Q factor without affecting the mode volume and mode frequency was demonstrated. Recently, Arakawa [24] demonstrated, for the first time, lasing oscillation in a three-dimensional woodpile photonic crystals with nanocavity.
However, to our best knowledge, seldom theoretical work with full vectoral method has been conducted to study the SE lifetime distribution and the decay kinetics of a mass of emitters in woodpile structures. In this paper, we study the decay kinetics of the emitters in the woodpile structure that resembles the polymeric PCs fabricated from direct laser writing [18] , using the lifetime distribution function (LDF) methods proposed by Wang et al [11, 25] . The photonic orientation-averaged LDOS (OALDOS) in the woodpile structures are calculated to obtain lifetime distribution. Furthermore, the SE lifetime surface was evaluated based upon the orientation-dependent LDOS (ODLDOS), which opens a new avenue to study the emission dynamics of emitters in PCs. Our theoretical results may be provided as reference results for probing OALDOS or ODLDOS in time-resolved fluorescence observation [26, 27] experiments.
On the other hand, it is worthy to point out that the woodpile structure belongs to the diamond lattice group. In the Face Center Cubic (FCC) and diamond structures with a global basis, the point group correspond to 5 O h and 7 O h group, respectively. However, in woodpile structure, the basis is composed of three rods, which has lower operation symmetry than the globule. Thus, different from the 48-fold symmetry of the FCC and diamond structures, there are only 16-fold symmetric operations in the woodpile structure. It is also demonstrated that the symmetry of the woodpile structure has pronounced influence on the lifetime distribution.
We consider a 3D woodpile structure with elliptical rods (refractive-index is 1.552) embedded in air. A sketch of the woodpile structure and the corresponding Brillouin zone are shown in Fig. 1 . The distance between four adjacent layers is denoted by c. Within each layer, the rods are separated by a distance d = 1000 nm, and c/d = 2 . The rods have elliptical cross-sections whose short axis width w is 150 nm and long axis width h is 375 nm. The parameters we adopted are the same as those in experiment [18] . The crystal has a pseudo-gap from frequencies 0.912(2 / ) ca In order to explain the SE lifetime distribution, we defined the LDF as
μ is the SE lifetime at a given position i r and with a fixed transition dipole moment =d d d μ of an excited emitter in the PCs, () f  is the SE lifetime in homogeneous medium, and i W is a weighting factor. Without loss of generality, we chose 1 i W  for the homogeneous distribution of emitters in space. The SE lifetime of an emitter at the position r is given by 22 
where eg  is transition frequency of emitters.
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where integration k vector is over the first Brillouin zone, n  k are the eigenfrequencies, ( , ) n E k r are the eigenmodes of the structure, and n is the band index.
In the following sections, we consider two scenarios. The first one is the SE from an ensemble of emitters with randomly orientated transition dipoles moments [27] . Accordingly, the OALDOS is [25, 28, 29] 
Thus the orientation-averaged LDF equals to [11, 30] ( ) ( ( , )).
Secondly we consider that an emitter is placed at a fixed position and has a definite orientation of the transition dipole moment in the inhomogeneous structures [31] . Under such a circumstance, the orientation-dependent LDF can be defined as , ( ) ( ( , ( , )),
where  and  are the polar and azimuthal angles.
Equation (2) indicates that the SE lifetime of the emitters depends on the ODLDOS. If the quantity of ODLDOS has been acquired, one may present many quantum characteristics of the emitters interacting with the field in the structured environment. But in experiments, there is no direct method to detect ODLDOS. Accordingly by probing the SE lifetime of the excited emitters, we can acquire the information about the OALDOS. In theory, if we want to get the SE lifetime, we have to calculate the OALDOS or ODLDOS. In Eq. (3) and Eq. (4), the important quantities that determine the ODLDOS or OALDOS are the eigenvalues n  k and the electric field eigenmodes ( , ) n E k r for each vector k .
The detailed numerical calculation parameters are as following: The first BZ was divided into 16384 coarse grids and 1048576 fine mesh points with the method firstly presented by Monkhorst and Pack [32] . We first calculated the values of the ( , ) n E k r and n  k on the coarse grids, then we adopted the interpolation methods [32] to obtain the values of the ( , ) n E k r and n  k on the fine mesh grids. The eigenequation was solved by an expansion of 965 plane waves.
The orientation-averaged lifetime distributions of excited emitters are presented in Fig. 2 . We choose three different transition frequencies in each of the Figs. 2(a), 2(b) and 2(c), which correspond to the lower edge, the center and the upper edge of the pseudo-gap, respectively. The reference lifetime 0  is selected as the vacuum SE lifetime. In Fig. 2(a) , 39668 excited emitters are homogenously distributed on the two elliptic cylinder surfaces that are respectively separated by 3nm and 6nm from the elliptic rod surface outside the rods in a unit cell. In Fig. 2(b) and 2(c), these emitters are distributed on the surface that is far from the elliptic rod surface by 3nm inside and outside the rods, respectively. The results in Figs. 2(a) and 2(b) show that when the emitters are in the air, the SE processes of almost all emitters are accelerated at the lower band edge and the center of the pseudo-gap, but the SE processes of most of emitters are decelerated at the upper band edge. Compared Fig. 2(c) with Figs. 2(a) and 2(b), it can be seen that when the emitters are in the dielectric rods, the lifetime distribution has an obvious change and the SE processes are obviously slowed down. This can be well interpreted by simple physical arguments: the electric displacement component normal to the interface must be continuous when it crosses the interface. This implies the electric field in the dielectric rods is smaller than that in the air. Thus, the larger OALDOS concentrates in the air area.
From the view point of the conventional concept, it is expected that the pseudo-gap may partially inhibit the SE processes, i.e., the lifetime of an emitter in the center of the pseudogap should be longer than that near the gap edges. However, Figs. 2(a)-2(c) display that he lifetimes of emitters near the upper gap edge are longer than that in the center of the pseudogap that different from the conventional concept. Averagely, we observe that the SE decay processes are in turns slowed down when the transition frequency shifts from the lower band edge to the upper band edge. The physical reason lies in that the SE lifetime of the emitters is determined by all of the electromagnetic field modes in all directions, rather than only by those electromagnetic field modes along the pseudo-gap direction. Figure 2 (d) presents a comparison of the lifetime distribution of emitters in the woodpile structure with that in a FCC structure. Their transition frequencies lie in the pseudo-gap of each structure, respectively. The FCC structure is composed of spherical globules with refractive index 1.552 in air background, and its filling fraction is 0.74. In the calculation of the FCC structure, we used 4700 points on the surface of the globules in a unit cell. The orange line in Fig. 2(d) shows that the decay process for almost all emitters in the FCC structure is remarkably accelerated. This indicates the structure environments have significant effects on the SE lifetime and the decay dynamics of the emitters. 7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1 With the development of an accurate positioning technology, the detection can focus on certain planes. Figure 3 reveals the averaged SE lifetime distribution in four planes with z = 0, z = a/4, z = a/2, and z = 3a/4 (a is the lattice constant of the PCs), respectively. The white areas denote the dielectric rods. 61 × 61 points are considered in each plane and other parameters are the same as those in Fig. 2. Figure 3 presents an intuitive picture that the averaged SE lifetime has strong position dependent properties. Moreover, we perceive that the SE lifetime is obviously symmetric with respect to the 45° diagonal line, but it is nonsymmetric about the 135° line which is different from that in the diamond structures and FCC structures composed of the global basis. Thus, the results prove that our group operation analysis is correct. In general, the calculated results show that the SE lifetime of many points near the surfaces of the rods speeds up and that of the other points, which are a bit far from the surfaces, slows down. In the previous paragraphs, we discussed the orientation-averaged SE lifetime in the basic unit cell or in a plane. We have known that the SE lifetime is isotropic in homogeneous dielectrics. Then, how about the emitters in the inhomogeneous dielectrics? To answer this question, we calculate the orientation-dependent SE lifetime surface according to the methods given by Vos [33] .
Insets (I) and (II) in Fig. 4(a) show the orientation-dependent SE lifetime surfaces of an emitter with the transition frequency of 0.931(2 / ) ca  at two positions (0.055a, 0, 0) and (0, 0.122a, 0.25a) near the outer surfaces of the rods. The SE lifetime surfaces are normalized to the SE lifetime in vacuum. We observe that the SE lifetime surfaces vary significantly with the difference of the positions in space and the orientations of the dipole. In position (I), we find that SE lifetime reaches the maximum when the orientation of the dipole parallel to the axis of the rods. When the orientation of the dipole lies in a plane which is perpendicular to the rods, the lifetime is accelerated. We concluded that the electric fields prefer lying in planes which are perpendicular to the rods. In position (II), there is different orientation-dependent lifetime distribution. To quantify the difference, we defined an SE lifetime anisotropy factor max min ( , ) / ( , )
We observe an anisotropy factor of 1.52 and 3.62 at positions (I) and (II), respectively. Besides, the red curve in Fig. 4(a) shows that the SE decay is speeded up in position (I) for almost all orientations of the dipole. However, in position (II), in many dipole orientations, the SE is inhibited and for a few orientations the SE lifetimes are significantly prolonged.
Insets (III) and (IV) in Fig. 4(b) present the orientation-dependent SE lifetime distributions of an emitter with two different frequencies at a fixed position (0.055a, 0, 0). The surface is dumbbell-like and long-bread-like at the frequencies 0. decelerated in almost all orientations with frequency 0.956(2 / ) ca  . According to Fig. 4 , we find that the SE lifetime surfaces give a compact representation of the rich behavior of the dependence of the SE lifetime on the dipole orientation. In conclusion, we have investigated the orientation-averaged and orientation-dependent SE lifetime distribution of the excited emitters with different transition frequencies at different positions in the polymer woodpile PCs that fabricated by direct laser writing. It has been demonstrated that there are very wide lifetime distributions of the emitters in the woodpile PCs even for the refractive index contrast low to 1.552. The SE decay processes of the emitters in the air are faster than that in the rods, and the lifetime distribution of the emitters has the same symmetry as the unit cell. Different from the conventional concept, emitters with emission frequency near the upper gap edge have longer lifetime than that in the center of the pseudo-gap. It has also been revealed that the SE lifetime strongly depends on the transition dipole orientation of the emitters. This leads to the anisotropy surface of the lifetime distribution, and the maximum anisotropy factor may be high up to 4.2. These results may be supplied in probing the lifetime distribution or ODLDOS for the future experiments that can be done in the polymer woodpile structures.
